Models of host-parasite coevolution predict pronounced genetic dynamics if resistance and infectivity are genotype-specific or associated with costs, and if selection is fueled by sufficient genetic variation. We addressed these assumptions in the black bean aphid, Aphis fabae, and its parasitoid Lysiphlebus fabarum. Parasitoid genotypes differed in infectivity and host clones exhibited huge variation for susceptibility. This variation occurred at two levels. Clones harboring Hamiltonella defensa, a bacterial endosymbiont known to protect pea aphids against parasitoids, enjoyed greatly reduced susceptibility, yet clones without H. defensa also exhibited significant variation. Although there was no evidence for genotype-specificity in the H. defensa-free clones' interaction with parasitoids, we found such evidence in clones containing the bacterium. This suggests that parasitoid genotypes differ in their ability to overcome H. defensa, resulting in an apparent host × parasitoid genotype interaction that may in fact be due to an underlying symbiont × parasitoid genotype interaction. Aphid susceptibility to parasitoids correlated negatively with fecundity and rate of increase, due to H. defensa-bearing clones being more fecund on average. Hence, possessing symbionts may also be favorable in the absence of parasitoids, which raises the question why H. defensa does not go to fixation and highlights the need to develop new models to understand the dynamics of endosymbiont-mediated coevolution. 
genetic dynamics have been invoked as a driving force behind many important evolutionary phenomena, including the maintenance of genetic variation (Judson 1995) , or even sex (Jaenike 1978; Hamilton 1980) . The role ascribed to host-parasite interactions in maintaining diversity rests on reciprocal selection being negative frequency-dependent. This in turn hinges on sufficient genetic variation in both antagonists, and on the type of interaction between host and parasite genotypes. Two major models for the genetics underlying host-parasite interactions have been proposed, the matching alleles (MA) model, which requires an exact allelic match between host and parasite for successful infection (Frank 1991) , and the gene-for-gene (GFG) model, in which resistant alleles in the host have to be countered by virulent alleles in the parasite for infection (Flor 1971) . MA readily maintains genetic variation through negative frequency-dependent selection, because universal infectivity is not possible and a parasite's fitness is directly determined by the frequency of host genotypes it can infect (Frank 1994 ). The GFG model does not readily maintain variation, because it allows universal infectivity (Parker 1994 ), yet it can produce negative frequency-dependence if increased resistance and infectivity entail costs (Sasaki and Godfray 1999; Sasaki 2000; Agrawal and Lively 2002) . It was convincingly argued by Agrawal and Lively (2002) that MA and GFG should be regarded as the endpoints of a continuum, and that genetic oscillations may occur on any point along this continuum.
Empirically, the question of genetic variation for resistance in hosts and infectivity in parasites can be regarded as settled. Many studies on a wide variety of systems support the assumption (e.g., Webster and Woolhouse 1998; Carius et al. 2001; Lively et al. 2004; Salvaudon et al. 2007 , just to name a few). With respect to the assumption of specific interactions among host and parasite genotypes, the picture is less clear. Although the MA model gains acceptance from a rapidly increasing number of studies reporting significant genotype × genotype interactions (e.g., Carius et al. 2001; Schulenburg and Ewbank 2004; Lambrechts et al. 2005; Grech et al. 2006) , counterexamples can be found, too (e.g., Hufbauer 2001; Duffy and Sivars-Becker 2007) . Also, in most systems that do exhibit genotype-specificity, significant main effects are detected as well, i.e., some genotypes are generally more infective or resistant than others (Carius et al. 2001; Schulenburg and Ewbank 2004) . This is better described by the GFG model and suggests that costs may indeed be required to maintain variation.
In insect host-parasitoid systems, reciprocal selection between antagonists is particularly strong because interactions are always a matter of life or death. Parasitoids only survive if they can overcome host defenses, hosts are invariably killed if their defenses fail. Genetically best characterized is the system consisting of the host Drosophila melanogaster, and two of its parasitoids, Asobara tabida and Leptopilina boulardi (Poirie et al. 2000; Dupas et al. 2003) . Hosts as well as parasitoids exhibit ample genetic variation for susceptibility and infectivity, respectively (Kraaijeveld and Van Alphen 1994; Fellowes and Godfray 2000) , and their interaction appears consistent with the GFG model (Dupas et al. 2003) . This implies that increased resistance or virulence comes at a cost in this system, for which there is indeed some evidence from selection experiments (Kraaijeveld and Godfray 1997; Kraaijeveld et al. 2001) . Another system in which significant genetic variation for susceptibility and infectivity has been detected is the pea aphid, Acyrthosiphon pisum, and its parasitoid Aphidius ervi (Henter 1995; Henter and Via 1995) . If and how they interact genetically, however, has not yet been elucidated. Interestingly, much of the observed variation for susceptibility to parasitoids in pea aphids is due to endosymbiotic bacteria rather than genetic differences among aphid clones (Oliver et al. 2003; Ferrari et al. 2004; Oliver et al. 2005) . All aphids harbor the obligate or primary endosymbiont Buchnera aphidicola, which serves a nutritional function (Douglas 1998) . But in addition to B. aphidicola, pea aphids may harbor several other endosymbiotic bacteria that are not indispensable for survival (Sandström et al. 2001; Tsuchida et al. 2002; Moran et al. 2005b ). These are collectively referred to as facultative or secondary symbionts, and they have been shown to have remarkable phenotypic effects on their hosts. Best studied are Regiella insecticola, which in pea aphids can affect host specialization and increases resistance to a fungal pathogen (Tsuchida et al. 2004; Scarborough et al. 2005) , Serratia symbiotica, which improves thermal tolerance and slightly increases resistance to parasitoids (Montllor et al. 2002; Oliver et al. 2003) , and Hamiltonella defensa, which provides strong protection against parasitoids (Oliver et al. 2003; Ferrari et al. 2004; Oliver et al. 2005) . All secondary symbionts are faithfully transmitted from mother to daughter, yet phylogenetic evidence suggests that horizontal transmission is occasionally possible (Sandström et al. 2001; Russell et al. 2003) . This may occur by sexual transmission via males of infected clones during the sexual phase of the aphid life cycle (Moran and Dunbar 2006) .
The mechanistic basis of H. defensa's protective effect is only about to be investigated, but the latest evidence points to an important role for toxins that are encoded by bacteriophage genes within the genome of H. defensa (Moran et al. 2005a; Degnan and Moran 2008) . Although a study by Oliver et al. (2005) suggests that in pea aphids, all of the clonal variation for susceptibility to parasitoids is due to endosymbionts, a recent study on the peach-potato aphid, Myzus persicae, detected significant variation among clones without facultative endosymbionts (von Burg et al. 2008 ). This suggests that aphid parasitoids may have to deal with two levels of defense, that of innate resistance and that of resistance conferred by endosymbionts. The involvement of a third player in the interaction certainly poses a challenge for existing models, such as MA and GFG, to predict host-parasitoid coevolution.
Because the knowledge about phenotypic effects of secondary symbionts stems almost exclusively from pea aphids, it is not yet known whether these effects can be generalized across other aphid hosts. Here we present an investigation of genetic and endosymbiont-mediated variation for susceptibility to parasitoids in a different system, the black bean aphid, Aphis fabae, and its most important parasitoid, Lysiphlebus fabarum. We study this system because uniquely among aphid parasitoids, most populations of L. fabarum are all-female and reproduce by thelytokous parthenogenesis. Being able to "freeze" and manipulate genetic variation in discrete units (i.e., aphid clones and thelytokous wasp lines) makes this a very powerful experimental system, especially for the analysis of genetic interactions among hosts and parasitoids. Also, at least some secondary symbionts known from pea aphids occur in A. fabae as well, including the defensive symbiont H. defensa (Chandler et al. 2008) . We found H. defensa in 24% of a Europe-wide sample of A. fabae clones (C. Vorburger, C. Sandrock, and J. Ferrari, unpubl. data 
Materials and Methods

THE HOST-PARASITOID SYSTEM
The black bean aphid, A. fabae, is widely distributed in temperate regions of the northern hemisphere and an important pest on several crops (Blackman and Eastop 2000) . Here we focus on A. f. fabae, one of four recognized subspecies of this taxon that differ in the range of secondary host plants they use during the parthenogenetic phase of their life cycle (Heie 1986; Raymond et al. 2001 ). In central Europe, A. f. fabae is host-alternating and reproduces by cyclical parthenogenesis. Its primary host, where mating of sexual morphs and egg laying take place in autumn, is the European spindle tree (Euonymus europaeus). In spring, viviparous, parthenogenetic females hatch from these eggs and they or their clonal offspring migrate to herbaceous secondary host plants on which numerous parthenogenetic generations take place before back-migration to spindle in autumn. Aphis f. fabae mainly uses broad bean (Vicia faba) and several Chenopodiaceae as secondary hosts, particularly sugar beet (Beta vulgaris) and the common weed Chenopodium album. In southern Europe, where mild winters allow parthenogenetic overwintering and suitable secondary hosts are available year-round, obligate parthenogenesis also occurs in A. f. fabae (C. Sandrock, J. Razmjou, and C. Vorburger, unpubl. data) .
Aphis f. fabae is attacked by a number of aphid parasitoids (Hymenoptera: Braconidae: Aphidiinae), among which L. fabarum is the most important (Starý 2006) . Female wasps oviposit a single egg into aphid nymphs. The larva hatches and develops inside the still growing aphid until it finally kills the host and spins a cocoon inside its dried remains for pupation. This forms the characteristic mummy from which the adult wasp emerges. Lysiphlebus fabarum also attacks a number of alternative hosts, mostly within the genus Aphis (Starý 2006) . Unlike other aphidiine wasps, which are haplo-diploid sexuals (arrhenotoky), L. fabarum is parthenogenetic over much of its range, although sexual populations are known, too. Parthenogenetic females produce diploid daughters without fertilization (thelytoky). Parthenogenesis is not induced by Wolbachia in this species (Belshaw and Quicke 2003) and seems to have a simple genetic basis (C. Sandrock and C. Vorburger, unpubl. data). Aphid parthenogenesis is apomictic, i.e., only involves mitotic cell divisions. Parthenogenesis in L. fabarum, on the other hand, is achieved by a modified meiosis in which diploidy is restored via a process termed central fusion automixis (Belshaw and Quicke 2003) . In this process, heterozygosity is lost distal to chiasmata.
EXPERIMENTAL LINES
Aphids were collected in June and July 2006 as part of a Europewide sampling program. The 24 clones of A. f. fabae used here stem from several sites in Switzerland, all located north of the Alps and separated by between 5 and 150 km. We took samples from secondary hosts by clipping infested leaves or shoots and used a single parthenogenetic female per sample to establish a clonal line in the laboratory. Only one line (Af1) was collected earlier (May 2004) from the primary host spindle. Clones were maintained on seedlings of broad bean (V. faba, var. "Scirocco") under conditions that ensure continuous apomictic parthenogenesis (16 h photoperiod at 20
• C). We genotyped all clones at eight microsatellite loci (Coeur d'Acier et al. 2004 ) and screened them for secondary symbionts by amplifying the bacterial 16S ribosomal RNA gene with universal bacterial primers (10F, 35R; Sandström et al. 2001; Russell and Moran 2005) . PCR reactions were run on 2% agarose gels and when a product was present, it was sequenced. All 24 clones had different multilocus microsatellite genotypes. Twelve of these clones were infected with secondary symbionts; nine harbored H. defensa and three harbored R. insecticola. These results obtained by sequencing were confirmed by diagnostic PCR, using primer pairs specific to the three most common secondary symbionts of aphids, H. defensa, R. insecticola, and S. symbiotica (Sandström et al. 2001; Russell et al. 2003; Tsuchida et al. 2006) . The clones' microsatellite genotypes and infections with secondary symbionts are listed in Table 1 , together with additional collection information. The H. defensa 16S ribosomal RNA gene sequences from all infected clones were the same (Genbank accession number FJ155800), and the same was true for the R. insecticola sequences (FJ205480). They are up to 99% identical with previously published sequences of these bacteria from pea aphids (e.g., AY296733 and AY296734; Moran et al. 2005b ). For aphid exposures to parasitoids, we used two different thelytokous lines of L. fabarum that were also collected during a larger sampling program. The first line, 06-297, was collected in June 2006 in Rennes, France, from a colony of A. f. cirsiiacanthoides on creeping thistle (Cirsium arvense). The second was collected in September 2007 in Zürich from a colony of A. hederae on ivy (Hedera helix). Both lines were founded by a single thelytokous female that was allowed to attack a colony of A. f. fabae on broad bean, and they are since maintained as mass cultures in cages stocked with A. f. fabae on broad bean. Due to central fusion automixis, these isofemale lines are not true clones. However, because this form of parthenogenesis rapidly leads to homozygosity distal to chiasmata and leaves nonrecombining areas of the genome unaffected, the lines can still be regarded as genetically uniform. We genotyped the founding individual at 12 microsatellite loci (Fauvergue et al. 2005; Sandrock et al. 2007 ), and we regenotyped the lines repeatedly until just before the experiment in fall 2007. Their microsatellite genotypes remained exactly the same throughout this period. We provide these genotypes and collection details in Table 2 .
EXPERIMENTAL PROCEDURES
Our experiment quantified the susceptibility of all 24 clones of A. f. fabae to both thelytokous lines of L. fabarum, as well as two aphid life-history traits, adult size, and daily fecundity. Following Henter and Via (1995) , our basic assay to estimate susceptibility to parasitoids was to expose groups of aphid nymphs to wasps for a fixed period of time and measure the proportion of individuals that were mummified. This approach cannot distinguish between preovipositional defenses (e.g., avoidance behavior) and postovipositional defenses of aphids (physiological resistance against the parasitoid egg or larva). However, previous studies have shown that differences in the rate of mummification among aphid clones do not arise from differences in oviposition by parasitoids (Henter and Via 1995) , and that parasitoids do not oviposit less in aphids harboring defensive endosymbionts than in aphids without secondary symbionts (Oliver et al. 2003) . The proportion of individuals mummified can therefore be interpreted as a reliable measure of host susceptibility. Each combination of host clone and parasitoid line was replicated 10 times, resulting in a total of 480 colonies of aphid nymphs tested.
To start the experiment, we split each aphid clone into 10 sublines that were assigned to random positions in 10 different plastic trays (randomized complete blocks). Trays were placed in a climatized room at 20
• C under fluorescent lights providing a 16 h photoperiod. Environmental maternal or grandmaternal effects carried over from the stock culture can inflate estimates of among-clone variance (Lynch 1985) . To avoid this, we maintained the sublines for several generations before measurements. This renders replicates truly independent and allowed us to measure differences among clones that are uncounfounded by shared environmental effects. Adult size was measured in individuals of the third subline generation, daily fecundity in the fourth subline generation, and the nymphs exposed to parasitoids belonged to the fifth subline generation. To keep the daily work load manageable, the experiment was temporally staggered such that two trays (i.e., two experimental blocks with one replicate of every host clone × parasitoid line each) were handled on the same day. Aphids were maintained on seedlings of broad bean grown in 0.07 l plastic pots and covered with cages made from transparent plastic cylinders that had one end covered with fine gauze for ventilation. The next subline generation was always founded by placing three adults from the previous generation on a new seedling, where they were allowed to reproduce for 24 h and then discarded. To estimate clonal variation for adult size, we weighed the three third-generation adults founding the fourth subline generation on a Mettler MX5 microbalance (Mettler-Toledo GmbH, Greifensee, Switzerland) to the nearest micrograms before disposal. When the fourth subline generation was adult, we removed 10 adults and placed five on each of two new seedlings for 24 h to produce the fifth generation nymphs for exposure to parasitoids (one colony for parasitoid line 06-297 and one for 07-59). Two days later, when offspring were 48-72 h old, we counted all aphidnymphs on the plants (mean colony size = 33.8 ± 7.5 SD) and added two female wasps to each caged colony. The wasps were approx. 1-2 days old when used and had been reared on large colonies of a susceptible clone of A. f. fabae that was not included in the experiment. After 6 h on the colony, we discarded the wasps and replaced the cage with a large cellophane bag to allow unimpeded host plant growth. Nine days after exposure to wasps, all successfully parasitized aphids had turned to mummies and were counted.
The aphid colonies we exposed to parasitoids were produced by five adults within 24 h. We could therefore use the initial counts to calculate a second life-history trait, the daily fecundity per individual. Because we only counted nymphs when they were 48-72 h old, we might have slightly underestimated fecundity if there was some very early mortality. However, under the benign conditions of the experiment (young plants, low aphid densities), early mortality is very low. In some replicates, not all five mothers of the test generation were still alive when we removed them from the plants after 24 h. These replicates were excluded from the analysis of daily fecundity.
STATISTICAL ANALYSES
Susceptibility to parasitoids was expressed as the proportion of aphids exposed to wasps that were successfully mummified. These proportions were arcsine-square root transformed and analyzed with a linear mixed model with REML estimation, using the lmer procedure of the lme4 library, a contributed package to the open source statistical software R 2.7.1 (R Development Core Team 2008). We tested for the effects of block (random), infection with H. defensa (fixed), parasitoid line (fixed), the infection × parasitoid interaction (fixed), aphid clone nested within infection (random), and the aphid clone × parasitoid line interaction (random). Colony size, i.e., the number of nymphs exposed to the wasps in each replicate, was included as a covariate in the model. Random effects were tested by running models with and without the effects to compare them with likelihood-ratio tests. Significance tests of fixed effects in mixed models are normally based on t or F statistics, yet this approach has been disputed, mainly for disagreement about how to calculate the appropriate degrees of freedom . A modern alternative is to use Markov Chain Monte Carlo sampling to obtain the highest posterior density (HPD) intervals and associated P-values for the fixed effect parameters (Baayen 2008) . We used this approach (10,000 iterations), which is implemented in the pvals.fnc function of the languageR library, another contributed package to R. This function also provides the 95% HPD intervals for random effects, which we report with the estimates of variance components. Note, however, that these intervals are constrained to never contain zero (Baayen 2008; Baayen et al. 2008) , which is why inference of statistical significance is based on the likelihood-ratio tests.
Aphid adult mass and daily fecundity were also analyzed with linear mixed models, testing for the effect of block (random), infection with H. defensa (fixed), and clone nested within infection (random). To detect potential trade-offs between the ability to resist parasitoids and reproduction, we compared the mean proportion of individuals mummified by the two wasp lines with fecundity using product-moment correlations of clone means, which provide an approximation of the genetic correlation among traits (Via 1991) . By using low densities of aphids on young host plants we reared the aphids under very benign growth conditions. The expression of trade-offs may be sensitive to the conditions under which they are assayed (Hoffmann and Parsons 1991) , and it has been argued that trade-offs are more likely to be expressed under stressful conditions (Blanckenhorn and Heyland 2005) . Therefore, we also compared the mummification rates with estimates of life-history traits from another experiment in which 22 of the clones used here were reared under more stressful growth conditions (L. Castañeda, C. Sandrock, and C. Vorburger, unpubl. data). In that experiment, aphids were confined in clip cages on leaves of older plants, which greatly extended their developmental period and reduced their mean fecundity by 51% compared to the present experiment.
Results
SUSCEPTIBILITY TO PARASITOIDS
The 24 clones of A. f. fabae exhibited extensive variation in their susceptibility to the parasitoid L. fabarum. This variation was due to two sources. First, clones harboring H. defensa were significantly less susceptible (Table 3, Fig. 1) , with all but one of the nine clones being entirely or almost entirely resistant. Interestingly, this one differing clone 323 could be mummified by parasitoid line 06-297, however not by line 07-59 (Fig. 1) . This specific susceptibility to one of the two parasitoid lines was responsible for the significant host clone × parasitoid line interaction in the overall analysis (Table 3) . When the analysis was restricted to just the H. defensa-free clones, there was no significant interaction and therefore no evidence for genotype-specificity (Table 3) . Second, there was highly significant variation in the proportion of individuals mummified among clones that did not harbor H. defensa (Table 3 . Fig. 1 ). These results remained virtually unchanged when we also excluded the three clones harboring R. insecticola to only look at secondary symbiont-free clones (host clone: LR χ 2 = 19.719, P < 0.001, parasitoid × host clone: LR χ 2 = 0.000, P = 0.996).
This indicates genetic variation for innate defenses that is certainly not trivial (up to twofold differences in susceptibility), but cannot provide complete protection against parasitoids (Fig. 1) . The covariate colony size did not have a significant effect on the proportion of individuals mummified, neither when all clones nor when just H. defensa-free clones were considered (Table 3) . Although nonsignificant, the parameter estimate for this effect was negative in both analyses, suggesting that time constraints might have prevented the wasps from attacking all hosts when more aphid nymphs were available on the plant. Because we had only three clones harboring R. insecticola (259, 326, 333), we did not formally test for a potential effect of this bacterium. However, the mummification rates of these three clones were well within the range of clones without secondary symbionts (Fig. 1) , suggesting that R. insecticola does not affect susceptibility to parasitoids in A. fabae. There was a slight difference in infectivity between the two parasitoid lines we used. Line 06-297, the line that was able to parasitize the H. defensa-bearing clone 323, also achieved higher rates of mummification on most H. defensa-free clones, an effect that was marginally significant (Table 3 , Fig. 1 ).
CORRELATIONS WITH OTHER FITNESS COMPONENTS
There was substantial variation among aphid clones in the two life-history traits we measured, adult mass and daily fecundity, and these two traits were positively correlated (Fig. 2) . On average, adults of clones harboring H. defensa were heavier and more fecund than clones without this endosymbiont, yet there was highly significant variation also among clones within these two groups (Table 4 , Fig. 2 ). Again, we did not formally test for the effect of R. insecticola because only three clones harbored this bacterium. These three clones differed widely in their life-history traits (Fig. 2) , precluding any meaningful inference.
Because H. defensa-bearing clones were characterized by high resistance to parasitoids as well as high fecundity, we detected a significant negative correlation between susceptibility to parasitoids and fecundity across all clones (Fig. 3) . When clones with H. defensa or all clones with secondary symbionts were excluded, on the other hand, there were no significant relationships between susceptibility and fecundity (Fig. 3) . Thus, we found no Table 4 . Results of linear mixed effects models for adult mass and daily fecundity. P-values for random effects are based on likelihoodratio tests, P-values of fixed effects on the HPD intervals obtained from MCMC sampling as implemented in the languageR library of R (Baayen 2008 (Blanckenhorn and Heyland 2005) , we also compared our estimates of susceptibility to L. fabarum with life-history data from a previous experiment in which conditions were such that the mean fecundity was less than half of that in the present study (L. Castañeda, C. Sandrock, and C. Vorburger, unpubl. data). In the 22 clones that were included in both experiments, the estimates of fecundity from the two experiments were positively correlated (r = 0.588 ± 0.181, P = 0.004). Not surprisingly, therefore, the relationship between susceptibility to parasitoids and fecundity was also negative when fecundity was measured under more stressful conditions (r = −0.536 ± 0.189, P = 0.010). The previous experiment also provided an estimate of the intrinsic rate of increase (r m ) for each clone, a more inclusive estimate of fitness than just fecundity. Across all clones, this estimate was also negatively related to susceptibility to L. fabarum (r = −0.440 ± 0.201, P = 0.040). When clones harboring H. defensa were excluded, these correlations remained negative but were no longer significant (susceptibility vs. fecundity: r = −0.396 ± 0.255, P = 0.144; susceptibility vs. r m = −0.406 ± 0.253, P = 0.133), and the same was true when all clones with secondary symbionts were excluded (susceptibility vs. fecundity: r = −0.442 ± 0.284, P = 0.150; susceptibility vs. r m = −0.388 ± 0.291, P = 0.212). Thus, even when life-history traits are assayed under more stressful conditions, there is no indication that the ability to defend against parasitoids trades off with other components of fitness.
Discussion
We investigated the roles of genotypic variation and facultative endosymbionts in the interaction between the black bean aphid and its thelytokous parasitoid L. fabarum. The first important result is that just as in pea aphids (Oliver et al. 2003 ), the facultative endosymbiotic bacterium H. defensa appears to provide the black bean aphid with effective protection against parasitoids. Our evidence is correlative, however, because we used naturally infected or uninfected clones and did not experimentally manipulate aphid infection status. Nevertheless, the known function of this bacterium in pea aphids, combined with the striking difference between infected and uninfected clones observed here, provide strong support for a defensive role of H. defensa also in A. f. fabae. The three clones harboring R. insecticola, on the other hand, did not appear to enjoy increased resistance, which is also consistent with findings from pea aphids (Oliver et al. 2003) .
Other than that, we cannot draw any meaningful conclusions about phenotypic effects of R. insecticola in black bean aphids because so few of our clones were infected with this bacterium. In pea aphids, infection with H. defensa reduces susceptibility to the parasitoid A. ervi by between 15% and 75% (Oliver et al. 2005) . The effect in the black bean aphid thus seems very strong in comparison, because with one interesting exception, clones harboring H. defensa enjoyed essentially complete resistance (Fig. 1) . These aphids have different parasitoids, of course, but the difference may also be due to different strains of H. defensa being involved. Oliver et al. (2005) have shown that different isolates of this bacterium provide different levels of protection. This suggests the possibility that clone 323, which was only resistant against one of the two parasitoid lines, may harbor a different strain of H. defensa than the better protected clones. Meanwhile, we have discovered a second H. defensa-infected clone in our collection of black bean aphids that expresses a similar pattern of susceptibility as clone 323. This other clone (Af6), which was not included in the present experiment, is completely resistant to parasitoid line 07-59 (mean proportion mummified = 0.000, n = 4 colonies tested), but susceptible to line 06-297 (mean proportion mummified = 0.798 ± 0.088 SE, n = 7). These results suggest that there is variation among genotypes of L. fabarum in the ability to parasitize different H. defensa-bearing hosts. This is further supported by our recent discovery of a thelytokous line of L. fabarum that is able to parasitize some of the H. defensaharboring clones that were entirely resistant to the two parasitoid lines in this experiment (C. Vorburger, R. Sieber, and Y. Zimmermann, unpubl. data) .
These findings pertain to the expected coevolutionary dynamics in this host-parasitoid system. Genotypic variation in L. fabarum not only comprises quantitative differences in general infectivity, but it also seems to include differences in the ability to overcome the protective effect of H. defensa. Thus, the conditions are given for the evolution of improved counterdefenses in parasitoids by selection for genotypes that are better able to infect hosts with defensive symbionts, for example, in host populations with a high frequency of H. defensa. More interestingly, this variation can result in significant host genotype × parasitoid genotype interactions, which are, however, mediated by the host's endosymbiont and may be better described as symbiont × parasitoid genotype interactions. The genotype-specificity of the endosymbiont-mediated host-parasitoid interaction stands in contrast to the pattern we observed in H. defensa-free clones. There, host resistance and parasitoid infectivity behaved like graded traits without any evidence for genotype-specificity. Of course, the genotypic variation of parasitoids was poorly sampled with just two thelytokous lines used in this experiment. Yet we obtained the same outcome in another experiment in which seven different thelytokous lines of L. fabarum were tested against H. defensa-free clones (C. Sandrock, A. Gouskov, and C. Vorburger, unpubl. data) . Taken together, the available evidence provides the picture of a rather complex scenario of endosymbiontmediated coevolution in our study system, for which established genetic interaction models like MA or GFG may be of limited utility. The parasitoid appears to be confronted with two lines of defense that differ in their effectiveness and specificity. Innate defenses can only provide aphids with limited protection, yet this protection appears to work against all parasitoid genotypes. Acquired defenses provided by the facultative endosymbiont H. defensa, on the other hand, are more effective and may even provide complete protection, yet they exhibit some degree of specificity and may fail against certain parasitoid genotypes.
Another important result from this study is the apparent lack of costs to increased resistance in the black bean aphid. If we just focused on H. defensa-free clones, susceptibility to parasitoids and life-history traits like fecundity or rate of increase were genetically uncorrelated, consistent with previous studies on the peach-potato aphid (von Burg et al. 2008 ) and the pea aphid (Ferrari et al. 2001 ; but see Gwynn et al. 2005 ). If we included all clones in the comparison, we even found the opposite of a trade-off. Clones protected by H. defensa were not only very resistant to parasitoids, they were also more fecund on average and therefore exhibited a higher intrinsic rate of increase. Again, we have to urge caution in interpreting this result, because by using naturally infected or uninfected clones we obtained correlative evidence and cannot prove a causal link between H. defensa and increased host fecundity. A study comparing two experimentally infected clones of the pea aphid with their naturally uninfected counterparts detected a modest but nonsignificant increase of fecundity in the presence of H. defensa (Oliver et al. 2008) , which is experimental evidence supportive of our finding. A comparison of naturally infected and uninfected pea aphids by detected no significant difference. This apparent lack of costs is puzzling considering that H. defensa provides large benefits in the presence of parasitoids (Oliver et al. 2003 (Oliver et al. , 2006 (Oliver et al. , 2008 Ferrari et al. 2004 , this study). Why does H. defensa not go to fixation in aphid populations? One reason may be that simple measurements of fitness components are inappropriate for detecting costs. This is suggested by a population cage experiment using pea aphids, in which an experimentally infected clone decreased in frequency when competing against the same clone without H. defensa in the absence of parasitoids (Oliver et al. 2008 ). Thus, we should test for potential costs of harboring H. defensa in the black bean aphid also under more realistic conditions before drawing any definite conclusions. An alternative explanation for the low-to-moderate frequencies of H. defensa in natural populations would be that aphids frequently lose their facultative symbionts. This is at odds with the presently available evidence that vertical transmission during parthenogenetic reproduction is virtually 100% under laboratory conditions (Sandström et al. 2001; . However, the situation may be different under natural conditions. Bensadia et al. (2006) found that in three pea aphid clones harboring H. defensa, resistance to parasitoids was lost when aphids were reared at a high temperature of 30
• C.
Although this was not directly tested in that study, it is tempting to conjecture that hot temperatures may cure aphids from facultative endosymbionts, and that this may occur naturally during hot spells. Such an effect is known from Wolbachia, a bacterial symbiont of many arthropods (e.g., Van Opijnen and Breeuwer 1999) . Alternatively, facultative endosymbionts may be lost during the sexual phase of the aphid life cycle, at least where aphids reproduce by cyclical parthenogenesis, which is the case for A. f. fabae in central Europe. This has never been tested in black bean aphids, but Moran and Dunbar (2006) found less than perfect maternal transmission of facultative endosymbionts in sexual females of the pea aphid. This was observed for R. insecticola, not for H. defensa (Moran and Dunbar 2006) , but it cannot be excluded that such losses also occur in H. defensa. With approximately 4%, the overall rate of loss appears too small to compensate for the beneficial effects of endosymbionts, but such losses may nevertheless be a relevant factor among all the interacting forces that keep H. defensa and other beneficial endosymbionts at low-tomoderate levels in natural populations of aphids.
Conclusions
The facultative endosymbiotic bacterium H. defensa provides the black bean aphid with strong protection against the parasitoid L. fabarum, just as it protects the pea aphid against its parasitoid A. ervi (Oliver et al. 2003) . This suggests that the defensive function of H. defensa against parasitoids can probably be generalized to most or all aphids harboring this bacterium. A new insight from our study is that infection with H. defensa may give rise to apparent genotype-specificity in the host's interaction with parasitoids and that defenses conferred by the endosymbiont overlay (or even overwhelm) substantial genetic variation for innate defenses. Considering that a large fraction of animal hosts harbor facultative endosymbionts (Dale and Moran 2006) , of which few are as well studied as those of aphids, we argue that experimental or comparative separation of their phenotypic effects will be required in many systems for correct interpretation of genotypic variation. What is still poorly understood even in aphids are the factors that determine the infection frequencies with secondary symbionts. Because they have such strong beneficial effects, there must also be mechanisms reducing their frequency to the moderate levels at which they are typically observed (Tsuchida et al. 2002; Simon et al. 2003; Oliver et al. 2006) . Likely candidates include occasional loss of symbionts or environment-dependent costs of harboring them. As yet, the evidence for neither is persuasive, and our findings do not aid with this problem. On the contrary, they suggest that aphid clones harboring H. defensa should also be favored in the absence of parasitoids, at least under the conditions of our experiment. While many of these unresolved issues require more empirical work, there is also a need to develop new theory to predict the expected dynamics of endosymbiont-mediated coevolution and its potential to maintain polymorphism under different assumptions regarding relevant parameters such as genotype-specificity, costs and benefits of harboring endosymbionts, or reliabilities and rates of vertical and horizontal transmission, respectively.
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